Heterogeneity of synaptic inputs onto neocortical layer 5 pyramidal neurons could result from differences in the underlying receptors, yet previous work has shown that functional attributes of AMPA receptors are uniform among synaptic connections onto these neurons. To determine whether NMDA receptors (NMDARs) would be similarly uniform, we compared in the same pyramidal neurons pharmacologically isolated NMDAR-mediated EPSCs evoked by stimulation of two anatomically distinguishable pathways, callosal or intracortical. Based on differences in voltage dependence, decay kinetics, apparent Mg 2ϩ sensitivity, and subunit-specific (NR2A, NR2B, and NR2C/D) pharmacology, we found NMDARs at these inputs to be distinct. Furthermore, NMDARs activated by the intracortical pathway were more efficient at integrating EPSPs and bringing the neuron closer to the spike-firing threshold than the callosal pathway. These results suggest that pyramidal neurons encode information differentially depending on the origin of their neocortical inputs and that NMDARdependent synaptic plasticity may be pathway specific.
Introduction
Layer 5 pyramidal neurons receive a diverse set of thalamocortical, subcortical, and corticocortical excitatory synaptic inputs and are the primary means by which the neocortex communicates with the rest of the brain (Connors and Amitai, 1995) . However, it is not known whether information carried by these inputs is processed differentially by these neurons or whether they can differentiate between these pathways (Johnson et al., 1996) . One form of differentiation is manifest naturally in their ability to distinguish excitatory from inhibitory inputs via unique neurotransmitter receptor systems. But is a finer discrimination of inputs possible, and if so, how? To explore these issues, we examined differences in biophysical and functional properties of two classes of corticocortical excitatory synaptic inputs onto layer 5 pyramidal neurons in the agranular frontal cortex. These included the long-range projections of the corpus callosum, the principal commissural pathway in the forebrain linking the two cerebral hemispheres, the cells of origin of which are almost entirely pyramidal neurons located in the homotopic contralateral cortex (Pandya and Seltzer, 1986 ) (for review, see Conti and Manzoni, 1994 ) and short-range intracortical excitatory afferents that arise locally (Burkhalter and Charles, 1990) . Although pathway-specific differences can manifest via postsynaptic and/or presynaptic elements (Gil et al., 1999) , we restricted the focus of this paper to postsynaptic receptors exclusively.
Of the two major types of excitatory receptors, AMPA and NMDA, the former are ubiquitous and expressed at most synapses. Recently, we showed that properties of AMPA receptor (AMPAR)-mediated EPSCs evoked by stimulation of callosal and intracortical pathways were similar and that, although synaptic AMPARs could differ physiologically from those expressed extrasynaptically at cell somas, their functional properties appear to be uniform among various synaptic inputs onto these neurons (Kumar and Huguenard, 2001; Kumar et al., 2002) . Homogeneity of AMPAR-dependent responses applies not only to neocortical pyramidal cells but has also been reported in hippocampal CA1 pyramidal neurons (Andrasfalvy and Magee, 2001) . Whether coexisting NMDA receptors (NMDARs) at these inputs show functional differences is not known, although preliminary studies revealed subtle yet consistent differences in kinetics and voltage dependence of intracortical compared with callosal responses that could potentially arise from unique receptor subunit compositions (Kumar and Huguenard, 2001 ). However, information regarding the subunit makeup of NMDARs at these synapses is unavailable, and, therefore, it is not known whether neocortical pyramidal neurons show any NMDAR-dependent pathway specificity.
NMDARs are heteromeric structures comprising four to five subunits from three gene families, NR1-NR3. All NMDARs contain multiple NR1 subunits in combination with at least one type of NR2 (NR2A-NR2D). The NR3 subunit does not form functional receptors alone but can coassemble with NR1/NR2 complexes. Many of the unique properties of NMDARs investigated have invariably been attributed to the diversity of the individual subunits and their combinations (for review, see Cull-Candy et al., 2001) . Based on physiological experiments and pharmacology, we demonstrate for the first time differences in NMDAR subunit compositions of two convergent synaptic inputs onto the same neocortical pyramidal neurons. These pathway-specific differences in subunits directly translate into differences in functional properties of the underlying receptors. Our results further enable us to specify a putative subunit composition for NMDARs at these synapses and, from information regarding the role of specific subunits involved, to suggest that neocortical pyramidal neurons might indeed be able to distinguish between inputs on the basis of their stoichiometry.
Materials and Methods
In vitro slice preparation and electrophysiology. Coronal slices (300 m) were cut from brains of Sprague Dawley rats ranging in age between postnatal day 13 (P13) and P21 and were anesthetized with pentobarbital (50 mg/kg). These slices were prepared according to the methods described by Kumar et al. (2002) . Briefly, slices were cut in a chilled (4°C) low-Ca 2ϩ , low-Na ϩ cutting solution and were allowed to equilibrate in oxygenated artificial CSF (aCSF) containing the following (in mM): 126 NaCl, 26 NaHCO 3 , 2.5 KCl, 1.25 NaH 2 PO 4 , 2 MgCl 2 , 2 CaCl 2 , and 10 glucose, pH 7.4, first at 32°C for 1 hr and subsequently at room temperature before being transferred to the recording chamber. Recordings were obtained at 32 Ϯ 1°C from layer 5 pyramidal neurons in the agranular frontal cortex (Paxinos and Watson, 1986) . Recording electrodes (1.2-2 m tip diameters; 3-6 M⍀) contained the following (in mM): for voltage-clamp experiments, 120 cesium gluconate, 1 MgCl 2 , 1 CaCl 2 , 11 KCl, 10 HEPES, 2 NaATP, 0.3 NaGTP, 1 QX-314, and 11 EGTA (pH 7.3 was corrected with Cs-OH, 290 mOsm); for current-clamp experiments, 105 potassium gluconate, 30 KCl, 10 HEPES, 10 phosphocreatine, 4 MgATP, and 0.3 GTP (adjusted to pH 7.3 with KOH). Slices were maintained in oxygenated (95% O 2 -5% CO 2 ) aCSF, and drugs and chemicals were applied via the perfusate (2 ml/min) and/or a local perfusion system that allowed fast exchange of media at the level of the synapse (Kumar et al., 2002) (Fig. 1 A) .
Concentric bipolar electrodes (CB-XRC75; Frederick Haer Company, Bowdoinham, ME) with 75 m tip diameters were positioned on the callosal tract and/or intracortically in close proximity to the recorded neuron ( Fig. 1 A) , and constant current pulses 50 -300 sec in duration and 100 -500 A in amplitude were applied at low frequencies (0.1-0.3 Hz). Callosal stimulation activates fibers potentially in both orthodromic and antidromic directions, each of which in turn activates monosynaptic excitatory connections onto the recorded pyramidal neuron (Kumar and Huguenard, 2001) . Thus, this model consists of activating a well defined, relatively homogeneous population of intracortical excitatory connections. Stimulation parameters were determined by increasing current strength until postsynaptic responses could be evoked and were held constant at ϳ1.2 ϫ the threshold for obtaining a detectable response throughout the remainder of the experiment (thresholds were characterized by a large proportion of failures) (Dobrunz and Stevens, 1997) . EPSCs and EPSPs were recorded with an Axopatch-1D and pClamp software (Axon Instruments, Foster City, CA), filtered at 1-2 kHz (10 kHz for current clamp), digitized at 10 -20 kHz, and stored on VHS videotapes (Neurocorder DR-484; NeuroData Instruments, Delaware Water Gap, PA). Series resistance was monitored continuously, and those experiments in which this parameter exceeded 15 M⍀ or changed by Ͼ20% were rejected. Series resistance compensation was not used.
Time constants for postsynaptic currents were obtained from singleexponential fits of averaged records using Clampfit (Axon Instruments). Traces shown in the figures are averages of 10 -20 consecutive responses (0.25-0.33 Hz), and all values are expressed as mean Ϯ SEM. I-V values were recorded by changing membrane potential according to a predetermined randomized sequence to avoid discrepancies associated with any long-term changes in the responses. Statistical differences were measured using either the Student's t test or the Kolmogorov-Smirnov test (in which data were not normally distributed) unless indicated otherwise. The following compounds were applied by bath and/or locally perfused as required for specific protocols: ethylenediamine (TPEN) (diluted in DMSO), and picrotoxin (PTX) (all from Research Biochemicals, St. Albans, UK and Sigma, St. Louis, MO). Ifenprodil [␣-(4 hydroxyphenyl)-bets-methyl-4-benzyl-1-piperidineethanol] was obtained from Tocris Cookson (Bristol, UK), and (ϩ/Ϫ)-cis-1-(phenanthren-2yl-carbonyl)-piperazine-2,3-dicarboxylic acid (PPDA) was kindly provided by Drs. Daniel T. Monaghan (University of Nebraska, Omaha, NE) and David E. Jane (University of Bristol, Bristol, UK).
Data analysis. The conductance-voltage ( g-V ) relationships for each cell were obtained using the following equation:
where I is the averaged peak amplitude of 10 or more consecutive EPSCs evoked by stimulation of a given path while holding the membrane potential of the cell constant at V. E rev is the reversal potential for the currents measured from linear fits between Ϫ15 and ϩ30 mV of the respective I-Vs. The maximal conductance ( g max ) was obtained by fitting the g-V curves for each cell with the following Boltzmann equation:
where V 0.5 is the potential at which g/g max ϭ 0.5, and ␥ is the slope of the curve. The normalized g (i.e., g/g max )-V data were refitted with the following equation:
where K Mg is the apparent dissociation constant for Mg 2ϩ block at 0 mV membrane potential, ␦ is the electrical distance of the Mg 2ϩ binding site in the membrane field, V is the membrane potential (in volts), F (9.648 ϫ 10 4 C/mol) is the Faraday constant, z (ϩ2) is the valence, R (8.315
) is the gas constant, and T (32°C/305.2°K) is the temperature (Mayer et al., 1989; Chen and Huang, 1992) . The final ionic activity was computed as the product of its activity coefficient (␥) and the corresponding molar concentration (m). ␥ Mg was estimated as 0.724 (MgCl 2 at 2 mM) according to Pitzer and Mayorga (1973) 
and normalized g-V data were fitted with a nonlinear least-squares fitting method (based on the Levenberg-Marquardt algorithm) using Origin (version 6.0; Microcal Software, Northampton, MA).
Results

Isolation of synaptically activated NMDAR currents
Whole-cell voltage-clamp recordings were obtained from visually identified pyramidal neurons in layer 5 of the agranular frontal cortex close to midline (Fig. 1 A) . EPSCs were evoked by alternate stimulation (0.3 Hz) of the corpus callosum (long-range) and local intracortical (short-range) afferents in close proximity (typically intralaminar) to the recorded neuron ( Fig. 1 B) . Stimulus intensity in each pathway was adjusted to the minimum value that reliably evoked a single EPSC without failures (Fig.  1C1,D1 ). The threshold was characterized by intermittent failures (Fig. 1C2,D2 ), which are typical of an all-or-none postsyn-aptic response (Dobrunz and Stevens, 1997) . We characterized these responses previously and concluded the following: (1) nearthreshold stimulation of these pathways can activate NMDARmediated monosynaptic EPSCs in addition to the non-NMDA or AMPA components and (2) the postsynaptic properties of AMPAR-mediated EPSCs were common to most synapses on these neurons (Kumar and Huguenard, 2001; Kumar et al., 2002) . To examine the contribution of NMDARs in detail, EPSCs were pharmacologically isolated in a mixture containing 50 M PTX to block GABA A -mediated inhibition and 10 M NBQX to block all AMPA-kainate receptors. Recording electrodes contained cesium ions to block GABA B -mediated K ϩ currents. Note that, at Ϫ70 mV, both intracortical and callosal responses were substantially reduced by the mixture, indicating minimal participation of NMDARs at this voltage, most likely attributable to Mg 2ϩ blockade (Nowak et al., 1984) , which was relieved by depolarization (Ϫ30 mV) (Fig. 1 E) . EPSCs were outward at ϩ30 mV with reversal potential being close to 0 mV and could be completely antagonized with 50 M D-APV (data not shown; compare Fig. 5A2 ).
Differences in voltage-dependent properties of NMDAR-mediated EPSCs
Voltage dependence of the pure NMDAR-mediated responses in the two pathways was examined by measuring peak EPSC amplitudes at various holding potentials in the range Ϫ70 to ϩ30 mV (Fig. 2 A1) . The I-V relationships for both callosal and intracortical responses displayed prominent regions of negative slope (Fig. 2 A2) (Mayer et al., 1984; Mayer and Westbrook, 1987) . The resulting g-V plots were therefore sigmoidal and could be best fitted with Boltzmann functions (Fig. 2 A2, insets) . The composite I-V relationships for the two synaptic responses (n ϭ 6 neurons) (Fig. 2 B) were qualitatively similar, although minimal callosal responses were smaller than intracortical responses, and inward currents for the two pathways peaked at different holding potentials (Ϫ15 Ϯ 5 mV for the callosal pathway compared with Ϫ25 Ϯ 5 mV for the intracortical). Both EPSCs reversed polarity close to the expected reversal potential of 0 mV (averaged E rev was 2.9 Ϯ 1.7 for callosal and 1.4 Ϯ 1.6 mV for intracortical EPSCs; p Ͼ 0.5; Student's t test; n ϭ 6) ( Fig. 2 B, inset) , suggesting that the observed differences in the I-V relationships are not because of errors in voltage clamp of the synapses. To quantify differences in voltage dependence of NMDAR-mediated EPSCs in the two pathways, intracortical and callosal g-V data for each cell were normalized to its respective maximal conductance ( g max ) obtained from individual Boltzmann fits (as described in Materials and Methods, Data analysis). The composite normalized g-V plots and Boltzmann fits are shown superimposed in Figure 2C . The g-V curve for the cortical pathway was left shifted compared with the callosal pathway. The half-maximal membrane potential (V 0.5 ), corresponding to g/g max ϭ 0.5, for the cortical response (Ϫ31.3 Ϯ 2.3 mV) was significantly more hyperpolarized compared with V 0.5 for the callosal response (Ϫ22.9 Ϯ 2.7 mV; p Ͻ 0.05), thus confirming the differences in voltage dependence of NMDARs activated by the two pathways.
An estimate of voltage-dependent Mg
2؉ blockade Differences in voltage dependence for NMDAR-mediated currents in the two pathways could manifest from altered affinity of the underlying receptor channels for Mg 2ϩ (Mayer et al., 1989; Chen and Huang, 1992; Guo and Huang, 2001 ). Thus, NMDAR channels activated at more hyperpolarized potentials would be expected to have a lower Mg 2ϩ affinity and reduced voltagedependent Mg 2ϩ block compared with those requiring stronger depolarization for activation. We estimated the degree of voltagedependent Mg 2ϩ blockade in both pathways from the apparent dissociation constants (K Mg ) for Mg 2ϩ at a single fixed extra- . Stimulus parameters were determined relative to threshold and were held constant just above threshold (ϳ1.2 T) throughout the remainder of the experiment. Note the fixed latency of the responses from respective stimulus onsets (OE). E, Pharmacological scheme for isolating the pure NMDAR-mediated responses. Examples of averaged records from the same neuron in which callosal and intracortical EPSCs were concomitantly evoked under the indicated conditions. Note that, in both pathways, EPSCs at Ϫ70 mV were fast, rapidly decaying, and mediated mostly by AMPARs as they were blocked by NBQX in the mixture (50 M PTX and 10 M NBQX). Depolarization to Ϯ30 mV in the presence of the mixture reveal late, slowly decaying responses that are mediated purely by NMDARs (blocked by APV; data not shown). The above approach was used to isolate the pure NMDAR-mediated component in all subsequent experiments. cellular concentration ([Mg 2ϩ ] at 2 mM) and a membrane potential of 0 mV (Fig. 2D ). Dissociation constants were obtained from fits of respective g-V relationships (Fig. 2C ) using Equation 3 (see Materials and Methods) (Mayer et al., 1989) , ␥ Mg ϭ 0.724) (for details, see Materials and Methods, Data analysis). Although the estimated values for ␦ for the two pathways were similar (␦ callosal ϭ 0.87 Ϯ 0.06; ␦ intracortical ϭ 0.99 Ϯ 0.1), K Mg for NMDARs activated via the intracortical pathway was approximately three times higher than that for the callosal pathway [K Mg callosal ϭ 6.4 Ϯ 0.9 mM a K Mg ϭ 4.6 Ϯ 0.6 mM); K Mg intracortical ϭ 18.7 Ϯ 5.2 mM a K Mg ϭ 13.6 Ϯ 3.8 mM)] (for an example of subunit-specific modulation of K Mg by the binding of monovalent cations, see Zhu and Auerbach, 2001 ).
Pathway-specific differences in kinetic properties of NMDAR-mediated EPSCs
We next compared the kinetic properties of callosal and intracortical NMDAR-mediated EPSCs evoked in the same pyramidal neuron by minimal stimulation at two different holding potentials Ϯ30 mV (Ϫ30 mV was the approximate midpoint of the region of negative slope on the I-Vs where the membrane is sufficiently depolarized to activate a sizeable NMDARdependent EPSC). Rise times (RT) (10 -90%) and response durations, characterized in terms of widths at half-maximum amplitude (HW), were determined from EPSCs averaged from 10 or more consecutive responses, whereas time courses, measured in terms of decay time constants (), were obtained from singleexponential fits (Hestrin, 1992) of the traces as shown in Figure  2 E. Note that, as expected for short-versus long-range synaptic inputs, intracortical EPSCs had shorter latencies from stimulus onset compared with callosal (3.1 Ϯ 0.2 vs 6.1 Ϯ 0.2 msec; n ϭ 14; p Ͻ 0.001). Although rise times for the two responses were comparable at both Ϯ30 mV (RT Ϫ30, callosal ϭ 10.9 Ϯ 1.1 vs RT Ϫ30, intracortical ϭ 9.6 Ϯ 1.2 msec; RT ϩ30, callosal ϭ 10.8 Ϯ 1.7 vs RT ϩ30, intracortical ϭ 9.4 Ϯ 1.0 msec; p Ͼ 0.1; n ϭ 7) (Fig. 2 F1,F2 ), cortically evoked EPSCs at Ϫ30 mV decayed at a significantly slower rate than callosal EPSCs ( intracortical ϭ 107.61 Ϯ 15.5 vs callosal ϭ 64.9 Ϯ 11.4 msec; p Ͻ 0.05; n ϭ 7) and had significantly larger half-widths (HW intracortical ϭ 52.4 Ϯ 6.1 vs HW callosal ϭ 30.6 Ϯ 4.8 msec; p Ͻ 0.01) (Fig. 2 F1) . Similar trends were also observed at ϩ30 mV ( ϭ 115.9 Ϯ 27.1 and 87.4 Ϯ 18.4 msec and HW ϭ 87.9 Ϯ 14.6 and 59.8 Ϯ 13.9 msec for intracortical and callosal responses, respectively) (Fig. 2 F2) . Half-widths for NMDAR-mediated currents at Ϫ30 mV were smaller than those measured at ϩ30 mV for both callosal and intracortical pathways ( p Ͻ 0.05) (Hestrin, 1992) . These data imply differences in voltage sensitivity of the underlying NMDA channel kinetics, and, together with the differences in voltage dependence (of peak EPSC amplitude) and apparent Mg 2ϩ affinity, they strongly suggest that the subunit composition of the underlying receptor population is different for the two pathways.
Pharmacology supporting distinct NMDAR subunits at the two synapses
Given that the apparent affinity of NMDARs for glutamate and the characteristically prolonged time course of decay of NMDAR-mediated EPSCs are both influenced strongly by the identity of the NR2 subunits involved (Vicini et al., 1998), we assayed specifically for NR2-related differences in NMDAR stoichiometry at the two synapses. To probe the subunit composition Figure 2 . Differences in voltage-dependent and kinetic properties of pharmacologically isolated NMDAR-mediated synaptic currents evoked by callosal (F) and intracortical (E) stimulation. A-C, Voltage-dependent properties: averaged records of NMDAR-mediated EPSCs from a neuron at the indicated holding potentials (A1) and the corresponding I-Vs for the two responses (A2). The corresponding g-V plots for this individual neuron are shown as insets and are fitted with Boltzmann curves ( g max , slope, and V at 0.5 g max are 2.5 Ϯ 0.08 nS, 9.9 Ϯ 0.9 nS/V, 27.2 Ϯ 1.2 mV for the cortical and 0.75 Ϯ 0.02 nS, 10.3 Ϯ 0.6 nS/V, 25.9 Ϯ 0.8 mV for the callosal plots, respectively). B, Composite I-V relationships of data pooled from several experiments show similar trends. Each point on the plot represents an ensemble average of six experiments, and error bars represent SEM, where this is greater than the size of the symbol. The bar plot in the inset shows the averaged EPSC E rev in each pathway. C, Ensemble average of normalized g-V data, obtained from callosal and intracortical responses for each cell in B (n ϭ 6) superimposed with Boltzmann curves, the parameters of which are averaged from individual fits (callosal, g max ϭ 0.97 Ϯ 0.08 nS, ␥ ϭϪ10.5 Ϯ 1.4 nS/V; intracortical, g max ϭ 1.6 Ϯ 0.24 nS, ␥ ϭ Ϫ7.8 Ϯ 1.1 nS/V). Note the leftward shift in V 0.5 for the cortical g-V curve relative to the callosal (V 0.5 intracortical ϭ Ϫ31.3 Ϯ 2.3 vs V 0.5 callosal ϭ Ϫ22.9 Ϯ 2.7 mV; p Ͻ 0.05). D, Data in C fitted with the equation to determine the dissociation constants (K Mg ) for Mg 2ϩ at the indicated extracellular concentration and the degree of voltage-dependent Mg 2ϩ blockade in both pathways. E, F, Kinetic properties: pathway-specific differences in RT, decay time constant (), and the half-maximal amplitude of NMDAR-mediated EPSCs (all in milliseconds) under the indicatedconditions(E).Barplotsdepictmeandifferencesinthekineticpropertiesofthetworesponsesat Ϯ30 mV (F1, F2; n ϭ 7). *p Ͻ 0.05; **p Ͻ 0.01; NS, p Ͼ 0.5; † p Ͻ 0.05, cross-comparisons of parameters for respective pathways at the indicated holding potentials (HPs).
for NR2B and NR2A, we examined the effects of ifenprodil, an NR2B subunit-specific antagonist of NMDARs (Williams, 1993; Tovar and Westbrook, 1999; Cull-Candy et al., 2001) , and TPEN, a Zn 2ϩ chelator, on callosal and intracortical EPSC amplitude. PPDA, an NMDAR antagonist with an ϳ10-to 30-fold higher affinity for NR2C/D than for NR2A/B (Hrabetova et al., 2000) , was used to reconfirm any pathway-specific differences with the other compounds and assay the potential involvement of NR2C/D subunits. NMDAR-mediated responses were isolated in the presence of the mixture (50 M PTX and 10 M NBQX) while holding the cell at Ϫ30 mV. Based on differences in decay times observed for the two responses in this study and decay times measured in human embryonic kidney 293 cells transfected with distinct NMDAR subunit cDNAs, which ranged from tens of milliseconds for the NR1a/NR2A combination to hundreds of milliseconds for NR1a/NR2B and NR1a/NR2C combinations (Vicini et al., 1998) , ifenprodil and TPEN would be expected to differentially affect intracortical and callosal EPSCs, respectively.
Indeed, bath application of ifenprodil (3 M) selectively antagonized the intracortical EPSCs but left the callosal responses intact (Fig. 3A1, inset) . The pooled data, representing the ensemble average across eight experiments, show that the effect is robust and consistent (Fig. 3A1) , although ifenprodil acts slowly and is poorly reversible when applied via the bathing medium (see Fig. 5A1 for the effects of local perfusion). The mean amplitude of intracortically evoked EPSCs were Ϫ34.81 Ϯ 5.4 pA in control, Ϫ23.92 Ϯ 2.5 pA during ifenprodil ( p Ͻ 0.01; paired t test; n ϭ 8), and Ϫ19.46 Ϯ 2.7 pA (n ϭ 7) during 3-5 min of washout, whereas the corresponding values for callosally mediated responses were Ϫ24.25 Ϯ 4.2 pA (control), Ϫ24.01 Ϯ 3.9 pA (ifenprodil; p Ͼ 0.5; paired t test; n ϭ 8), and Ϫ20.66 Ϯ 4.2 pA (washout; n ϭ 7). Thus, although callosal EPSCs remained unchanged in the presence of the drug (99.04 Ϯ 11.4% of control), intracortical EPSCs were significantly suppressed (68.71 Ϯ 6.8%; p Ͻ 0.05; n ϭ 8) (Fig. 3A2) . These data suggest that NMDARs underlying the intracortical inputs but not the callosal inputs are composed of the NR2B subunit.
The mechanism of action of TPEN has been reported to be mediated by chelation of Zn 2ϩ ions, which tonically inhibit NMDARs by binding to the Zn 2ϩ binding site on the NR2A subunit (Paoletti et al., 1997) . Although never tested before in this preparation, this compound would be expected to selectively enhance responses from NR2A-containing receptors and distinguish them from those containing the NR2B subunit (Misra et al., 2000; Tovar et al., 2000; Cull-Candy et al., 2001; Billups et al., 2002; Joshi and Wang, 2002) . Indeed, local perfusion of TPEN (1 M) increased differentially the callosal EPSCs but not the intracortical EPSCs (Fig. 3B1,B2 ). During local application of the drug, we observed a small initial enhancement of both responses (Fig. 3B1, arrows) , possibly mediated by charge screening in the local vicinity of the synaptic inputs caused by chelation of Zn 2ϩ ions. However, although callosal responses remained modestly potentiated in the presence of TPEN, intracortical responses were on average unaffected. The mean amplitude of intracortically evoked EPSCs in this series were Ϫ53.61 Ϯ 5.3 pA in control, Ϫ55.13 Ϯ 5.4 pA during TPEN ( p Ͼ 0.3; paired t test; n ϭ 8), and Ϫ46.3 Ϯ 2.7 pA (n ϭ 7) during washout, whereas the corresponding values for callosally mediated responses were Ϫ41.7 Ϯ 7.9 pA (control), Ϫ47.7 Ϯ 8.2 pA (TPEN; p Ͻ 0.005; paired t test; n ϭ 8), and Ϫ37.6 Ϯ 7.9 pA (washout; n ϭ 7). Thus, although intracortical EPSCs were only 102.9 Ϯ 3.5% of control (100%) in the presence of the drug, callosal EPSCs were potentiated significantly (mean, 114.3 Ϯ 5.8%; p Ͻ 0.05; n ϭ 8) (Fig. 3B2) . These data suggest that NMDARs underlying the callosal inputs but not the intracortical inputs contain the NR2A subunit. These differences in subunit composition are consistent with differences in decay kinetics of NR2A/NR2B-mediated NMDA currents observed in this study and in recombinant systems in which it is possible to assay the functional properties of NMDARs conferred by specific subunits (for review, see Vicini et al., 1998) .
When applied locally, PPDA, unlike ifenprodil or TPEN, suppressed both intracortical and callosal responses (Fig. 3C1) . However, we generally observed a faster (data not shown) and greater suppression of the intracortical response compared with the callosal response during application of PPDA in all neurons tested (n ϭ 4) (Fig. 3C2) . Lowering the drug concentration slowed the suppression of both responses, whereas increasing it produced the opposite effect. These differences in dosedependent effects of PPDA between callosal and intracortical pathways provide additional support for the conclusion that the underlying composition of NMDARs at the two synapses is dissimilar. Thus, although NMDARs containing the NR2C/D subunits could occur at both synapses, they would be more predominant at intracortical as opposed to callosal synapses.
Pathway-specific differences in the integrative properties of underlying NMDARs
To examine what effects, if any, input-specific differences in NMDAR subunit composition might have on the ability of layer 5 pyramidal neurons to integrate trains of EPSPs in these pathways and determine whether there were any differences in the processing of these inputs, we obtained current-clamp recordings of minimally evoked callosal and intracortical EPSPs at various frequencies (eight stimuli; 5-100 Hz) (Fig. 4 A) . These experiments were performed with normal aCSF, because we found that, at resting membrane potential, NMDAR-dependent EPSPs (isolated in the PTX/NBQX mixture) were quite small. Thus, to determine how NMDARs contribute to synaptic integration in a physiological setting, we left AMPAR-mediated synaptic responses intact because the latter provided the necessary depolarization to activate a substantial number of NMDARs. The mean amplitudes of the unitary EPSPs (evoked at 0.25 Hz; control) for callosal and intracortical responses were 1.92 Ϯ 0.25 and 2.21 Ϯ 0.32 mV, respectively (n ϭ 15; p Ͼ 0.5) (Fig. 4 D) . We observed that, although the composite responses (averaged from Ն20 consecutive EPSP trains) of the two pathways were virtually indistinguishable in terms of their integration at lower frequencies (Ͻ40 Hz), the response obtained with trains at frequencies Ն40 Hz were significantly larger for the intracortical pathway despite comparable amplitudes for the single responses. At a stimulus frequency of 100 Hz, neurons often generated action potentials (APs) that fired off the composite EPSP envelope for cortical (72%) but not the callosal (9%) inputs. Of the neurons, 19% did not fire from either cortical or callosal envelopes. To quantify integration in the two pathways, the peak amplitude of each EPSP (measured from a common baseline) (Fig. 4 B, inset) in the train was normalized to the first (100%) and the ensemble average across experiments plotted as a function of stimulus number (Fig.  4 B) . Although there were no differences between callosal and intracortical EPSPs at low stimulus frequencies (5, 10, or 20 Hz) , intracortical responses at 40 Hz (n ϭ 9) and 100 Hz (n ϭ 7) were significantly larger than callosal responses ( p Ͻ 0.0001; repeatedmeasures ANOVA).
Differences in integration between callosal and intracortical pathways persisted when stimulus intensity was proportionately increased in each pathway (Fig. 4C1,C2 ). As can be seen from Figure 4C2 , increments in stimulus intensity (four increments of ϳ30% at 40 Hz) led to a progressive buildup of the intracortical but not the callosal response envelope and eventually to the firing of action potentials from the resulting depolarization. As before, note the differences in the size and shape of the depolarizations for the two pathways when stimulus frequency was increased to 100 Hz (Fig. 4C1) . We quantified these differences based on the . Traces shown are averages of (Ն20) consecutive responses in aCSF. Note that, although the two responses are indistinguishable in terms of their integrative properties at lower frequencies (Ͻ40 Hz), the response envelopes generated at frequencies Ͼ40 Hz are significantly larger for the cortical pathway despite comparable amplitudes of the control responses. At 100 Hz, neurons often (72%) fired off the envelope generated in response to cortical but not callosal stimulation (9%); 19% of neurons did not fire from either cortical or callosal envelopes. B, Plot of the composite amplitude (measured as shown in the inset) of each EPSP in the train (normalized to the first, 100%) as a function of stimulus number. Although there were no differences in the EPSP summation between callosal and intracortical pathways at 5, 10, or 20 Hz stimulation, cortical EPSPs generated by 40 and 100 Hz stimulation were significantly larger than callosal EPSPs. ***p Ͻ 0.0001 (repeated-measures ANOVA). C1, C2, An example from another cell showing similar differences in envelope attributes. Note how the respective envelopes are differentially affected when stimulus intensity in both pathways is increased proportionally (C2). D, Bar plots showing the mean amplitudes of the control EPSP for both pathways. Error bars indicate SEM.
heights and areas of the EPSP envelopes generated at 20, 40, and 100 Hz. The average composite heights for the cortically evoked response were greater than for the callosal response at all frequencies tested (40 Hz, 3.23 Ϯ 0.4 vs 2.16 Ϯ 0.4 mV, n ϭ 12, p Ͻ 0.01; 100 Hz, 4.17 Ϯ 0.6 vs 2.74 Ϯ 0.4 mV, n ϭ 14, p Ͻ 0.05; data not shown). Similar trends were observed for the corresponding areas, although the variability in this parameter was much greater (40 Hz, 485.6 Ϯ 108.8 vs 335.9 Ϯ 65.1; 100 Hz, 382.1 Ϯ 75.7 vs 276.3 Ϯ 51.6).
Summation of EPSPs is influenced by NMDAR subunit composition
To directly confirm that the above differences in EPSP summation between the two pathways were mediated by differences in subunit composition of the underlying NMDARs and not simply a result of variation in their numbers or polysynaptic effects, we examined the effects of ifenprodil (by far the most specific and widely used of the three NMDAR antagonists tested in this study that selectively suppresses the NR2B-containing intracortical responses; 5 M) or APV (50 M), a broad-spectrum antagonist of NMDARs, on the 100 Hz response envelopes generated by the respective pathways. Figure 5A1 depicts the time course of changes in envelope height for the two responses during the local application of ifenprodil and APV typically seen in these experiments. Each point on the plot is the averaged amplitude (percentage of control) of four consecutive responses evoked at 0.25 Hz.
Note that the suppression of intracortical response by ifenprodil was far greater for the cortical pathway than for the callosal pathway and in sharp contrast with the effects of APV, which suppressed both responses equally. Averaged responses from the numbered time periods indicated on the time plot (Fig. 5A1 , bars) are shown superimposed in Figure 5A2 . Note that both responses were blocked during subsequent application of the mixture (50 M PTX, 10 M NBQX, and 50 M APV).
Pooled data across experiments (n ϭ 5) show that relative reductions by ifenprodil were significantly greater for the intracortical than callosal pathway (height, 63.14 Ϯ 8 vs 31.76 Ϯ 7.5%, p Ͻ 0.05; area, 70.64 Ϯ 8.6 vs 26.81 Ϯ 8.7%, p Ͻ 0.01). In contrast, APV had similar effects on both pathways (height, 47.96 Ϯ 12.6 vs 36.58 Ϯ 8.3%, p Ͼ 0.4; area, 62.17 Ϯ 15.1 vs 44.6 Ϯ 6.5%, p Ͼ 0.3) (Fig. 5B) . Note that, as before, ifenprodil-mediated suppression of intracortical responses is significantly more pronounced ( p Ͻ 0.001 for both area and height; repeated-measures ANOVA) compared with callosal ( p Ͼ 0.05). The specificity of ifenprodil indicates that these effects are likely caused by differences in NMDARs on the pyramidal cells rather than purely a difference in synaptic release or receptor number. The partial blockade of the callosal response by ifenprodil may be attributable to increased neurotransmitter release evoked by highfrequency stimulation resulting in activation of noncallosal NMDARs. These data suggest that intracortically activated NMDARs are therefore more efficient at integrating EPSPs and bringing the neuron closer to the spike-firing threshold than NMDARs activated by the callosal pathway and that these differences are manifest by virtue of their unique subunit compositions.
Discussion
Cortico-cortical connections mediate high-order information processing (Braitenberg and Schüz, 1991) . Our results demonstrate that the subunit composition of NMDARs underlying long-range callosal inputs onto neocortical pyramidal neurons is distinct from the mainly local, short-range, noncallosal inputs activated by intracortical stimulation. The main distinction appears to be in the NR2 class of subunits: NMDARs underlying intracortical inputs are mainly composed of the NR2B subunit but not NR2A. Conversely, NMDARs at callosal inputs mostly contain the NR2A subunit but not NR2B. Furthermore, although receptors containing the NR2C/D subunits could occur at both synapses, differences in the magnitude and onset of the PPDA effect would be consistent with a more prominent role in intracortical than callosal synapses. These distinct subunit compositions could account for the differences in activation threshold for NMDAR-mediated currents, apparent affinity of the receptors for Mg 2ϩ , and kinetic properties of NMDAR-mediated EPSCs observed between the two pathways. Interestingly, AMPA receptors that coexpress at these synapses do not show pathway specificity. Thus, in contrast to NMDARs, pharmacologically isolated AMPAR-mediated EPSCs at callosal and intracortical synapses are physiologically indistinguishable (Kumar et al., 2002) . These data suggest that the identity of synaptic inputs onto these neurons is governed in part by the unique subunit composition of the underlying NMDARs.
The putative subunit composition of synaptic NMDARs
An open question arising from studies of recombinant NMDARs is whether synaptic NMDARs are diheteromeric or triheteromeric. Diheteromeric receptors contain one or more of the NR1 subunit in combination with any one type of NR2, whereas tri- heteromeric NMDARs contain three different types of subunits, one of which is invariably NR1. Thus, according to the diheteromeric scheme, NMDARs at callosal inputs would be composed exclusively of NR1 and NR2A subunits, whereas those at intracortical synapses would consist only of NR1 and NR2B. If this scheme were indeed true, we would expect PPDA, the NMDAR antagonist with significantly higher affinity for NR2C/D than for NR2A/B, to have no effect whatsoever on callosal or intracortical EPSCs at the concentrations used (Hrabetova et al., 2000) . The fact that PPDA affected both responses, albeit in a dosedependent manner (Fig. 3C2) , suggests that NMDARs at these synapses are most likely triheteromeric assemblies. Based on biophysical and pharmacological properties of the responses in each pathway, and considering the observations that NR2D subunits are found predominantly in midbrain structures and that the NR1/NR2D combination has been identified with mostly extrasynaptic receptors (Cull-Candy et al., 1998 Misra et al., 2000; Momiyama, 2000) , we propose the NR1-NR2B-NR2C combination for intracortical NMDARs and either NR1-NR2A-NR2C or NR1-NR2A-NR3 combination for NMDARs at callosal synapses. Note that NR3 subunits can also coassemble with NR2A (Das et al., 1998; Perez-Otano et al., 2001 ). Inclusion of NR2C in the subunit composition for intracortical NMDARs is consistent with a reduced Mg 2ϩ sensitivity observed for receptors assembled with this subunit (Cull-Candy et al., 2001) , thereby making it likely for these receptors to operate at more negative membrane potentials (Chen and Huang, 1992; Guo and Huang, 2001) . However, establishing their precise role in regulating the response properties of NMDARs at the two synapses warrants additional experimentation. Finally, differences in decay kinetics of callosal and intracortical responses are as expected for NR2A-and NR2B-mediated NMDA currents observed in recombinant receptors (Vicini et al., 1998) and within intact single cells, respectively (Flint et al., 1997) , although decay time constants for synaptically activated NMDAR-mediatedEPSCs in layer 5 neocortical pyramidal neurons appear to be somewhat smaller than those reported in studies using heterologous expression systems. One factor that likely contributes significantly to these differences is the temperature at which recordings are made (Hestrin et al., 1990; Clark and Cull-Candy, 2002) .
Heterogeneity of synaptic NMDARs within neurons
Synapse-specific differences in NMDAR properties have been either reported or suggested in other systems and found to be applicable to both divergent and convergent inputs onto neurons. These include the spiny stellate cells in layer 4 of the mouse barrel cortex (Fleidervish et al., 1998; cf. Gil et al., 1999) , CA3 (Ito et al., 1997) and CA1 (Otmakhova et al., 2002) pyramidal cells in the hippocampus and the hippocampal mossy fiber-CA3 (Lei and McBain, 2002) , and CA1 feedforward inhibitory interneuron systems (Maccaferri and Dingledine, 2002) . Interestingly, it appears that NMDAR-mediated pathway specificity is expressed in excitatory neurons but not in inhibitory neurons. Thus, although NMDARs underlying convergent inputs onto an excitatory neuron (e 3 e) could be functionally heterogeneous (Fleidervish et al., 1998; Kumar and Huguenard, 2001; Otmakhova et al., 2002) , NMDARs underlying excitatory inputs onto an inhibitory neuron (e 3 i) are most likely homogenous (Maccaferri and Dingledine, 2002; Szinyei et al., 2003) . Hence, there may be far more inhibitory neurons than excitatory neurons that can be classified as being distinct based solely on the type of NMDARs they express (Lei and McBain, 2002) . How then is synapse specificity of excitatory afferents onto inhibitory interneurons expressed? Surprisingly, the answer seems to be through differences in AMPAR subtypes McBain, 1998, 2000; Walker et al., 2002) . Finally, synapse specificity in principal cells appears to be dependent on NMDA as opposed to AMPARs (Andrasfalvy and Magee, 2001; Kumar et al., 2002) . This difference could be attributable to the fact that, among the glutamate receptor subtypes, NMDARs are stably integrated into the postsynaptic density, whereas AMPARs move in and out of the postsynaptic membrane in a dynamic manner (Luscher et al., 1999; Hass, 2001 ) (for review, see Sheng, 2001 ; cf. Barria and Malinow, 2002) .
Functional significance
NMDARs have been implicated in a large variety of cellular phenomena ranging from neuronal development and synaptic plasticity to peripheral inflammation and pain. Here, we examined how differences in NMDAR subunit composition affect synaptic integration of two convergent inputs onto a pyramidal neuron. Specifically, we showed that the intracortical synapses likely containing the NR2B subunit are superior integrators compared with callosal synapses that do not contain this subunit. Thus, intracortical inputs are capable of generating significantly larger responses at higher frequencies (Ͼ40 Hz) compared with callosal inputs, thereby making them more efficient in bringing the neuron to spike-firing threshold. Furthermore, by contrasting the effects of ifenprodil, the subunit-specific antagonist for NR2B, with APV, the general purpose NMDAR blocker, we were able to confirm directly that pathway-specific differences in synaptic integration were not attributable to factors such as fiber recruitment, number of receptors, short-term presynaptic plasticity, or polysynaptic activation but rather by virtue of the differences in subunit composition of the NMDARs activated.
Although overexpression studies and investigations using knock-out animals have highlighted the critical role of NR2B (Tang et al., 1999; Lu et al., 2001; Clayton et al., 2002) and NR2A (Philpot et al., 2001 ) subunits in plasticity and memory formation in the hippocampus and the cortex, there has been a considerable debate in the literature regarding underlying mechanisms and the identity of the subunits involved. Our results with callosal and intracortical pathways provide a unique opportunity for a direct comparison of the integrative properties of synaptic NR2A-and NR2B-containing NMDARs. Based on differences in NMDAR subunit composition at these inputs, we predict that the intracortical pathway would be more favorable to plasticity than the callosal pathway. However, as observed in the barrel cortex (Stern et al., 2001 ), expression of NMDAR-mediated plasticity in the frontal cortex could also be mediated by changes in corticalcortical connections and be regulated on a layer-specific or even synapse-specific basis within a given region. NMDAR subunitspecific plasticity is also regulated developmentally (for review, see Monyer et al., 1994; Barth and Malenka, 2001 ). However, maturational changes did not appear to affect the results described here, because similar changes were noted in all animals in the age group tested (P13-P21).
Coincident detection versus synaptic integration
It has been known for some time now that NMDARs play a major role in determining whether APs shunt EPSPs (Hausser et al., 2001) . Thus, EPSPs with slow kinetics (i.e., NMDA) are shunted less than those with faster kinetics (i.e., AMPA) and, hence, are more effective at temporal summation. This feature also restricts the temporal window for integration in neurons that lack mechanisms to prevent shunting of EPSPs during rapid firing of APs. Thus, the slower NMDAR-dependent EPSPs evoked in the intra-cortical pathway will be less susceptible to shunting by APs and therefore more efficient at synaptic integration compared with the callosal pathway the NMDAR-mediated responses of which are kinetically much faster. In essence, the temporal windows for summation of callosal and intracortical synaptic inputs could be different, and AP-mediated shunting of EPSPs generated in these pathways may influence the way in which pyramidal neurons integrate these synaptic inputs.
Given that NMDARs at callosal inputs are poor integrators, are they then better coincident detectors? Kinetically fast EPSPs are usually efficient coincidence detectors but less effective synaptic integrators, whereas the opposite is true for slow EPSPs (König et al., 1996; Geiger et al., 1997; Maccaferri and Dingledine, 2002) . Because callosal EPSPs, which are mediated by NMDARs likely containing the NR2A subunit, have faster kinetics than NR2B-mediated intracortical EPSPs, the possibility that the two inputs are processed differently by pyramidal neurons cannot be ruled out. Thus, neocortical pyramidal neurons could be considered as integrate-and-fire devices from the perspective of NMDAR-dependent local intracortical information processing, whereas they could operate as detectors of temporal coincidence of synaptic inputs and synchrony from the viewpoint of longrange information processing mediated by the callosum. Postsynaptic potentials are processed differently in the coincidence detection and temporal integration schemes, and these represent two fundamentally distinct modes of information processing dynamics within complex neural networks (Shadlen and Newsome, 1994; König et al., 1996) . The novelty of our observations lies not so much in the fact that NMDARs can mediate these differences by expressing different subunits but rather in the possibility that both modes of information processing can be simultaneously manifest within individual neocortical pyramidal neurons.
